Neck muscles constitute a transition zone between somite-derived skeletal muscles of the trunk and limbs, and muscles of the head, which derive from cranial mesoderm. The trapezius and sternocleidomastoid neck muscles are formed from progenitor cells that have expressed markers of cranial pharyngeal mesoderm, whereas other muscles in the neck arise from Pax3-expressing cells in the somites. Mef2c-AHF-Cre genetic tracing experiments and Tbx1 mutant analysis show that nonsomitic neck muscles share a gene regulatory network with cardiac progenitor cells in pharyngeal mesoderm of the second heart field (SHF) and branchial arch-derived head muscles. Retrospective clonal analysis shows that this group of neck muscles includes laryngeal muscles and a component of the splenius muscle, of mixed somitic and nonsomitic origin. We demonstrate that the trapezius muscle group is clonally related to myocardium at the venous pole of the heart, which derives from the posterior SHF. The left clonal sublineage includes myocardium of the pulmonary trunk at the arterial pole of the heart. Although muscles derived from the first and second branchial arches also share a clonal relationship with different SHF-derived parts of the heart, neck muscles are clonally distinct from these muscles and define a third clonal population of common skeletal and cardiac muscle progenitor cells within cardiopharyngeal mesoderm. By linking neck muscle and heart development, our findings highlight the importance of cardiopharyngeal mesoderm in the evolution of the vertebrate heart and neck and in the pathophysiology of human congenital disease.
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neck muscles | myocardium | retrospective clonal analysis | mouse embryo | Tbx1 I n mammals, all skeletal muscles are not equivalent. Entry into the skeletal muscle program and subsequent differentiation depend on transcription factors of the MyoD (myogenic differentiation 1) family. However, upstream regulators of the myogenic program differ in different parts of the body. Skeletal muscles of the trunk and limbs derive from the somites and thus are descendants of progenitors expressing Pax3, a paired box transcription factor that plays a major role in the control of myogenesis (1, 2) . In Pax3 −/−
;Myf5
−/− double mutants most skeletal muscles are lost. However, muscles in the cranial part of the embryo are not affected in these mutant mice (3) , showing that myogenesis in head skeletal muscles is controlled by a different upstream genetic network (2) . Indeed, head muscles are formed from cranial mesoderm, derived from Pax3 − ;Mesp1 + (mesoderm posterior homolog transcription factor 1) cells (4, 5) . Many of these myogenic progenitors express genes, including Islet1 (Isl1 transcription factor), Nkx2-5, or Tbx1 (T-box transcription factor 1), that are also expressed in cardiac progenitor cells of the second heart field (SHF) within pharyngeal mesoderm populations that form myocardium at the poles of the heart (6, 7). Among these regulators, Tbx1 is required for development of both the arterial pole of the heart and head muscle specification (8-10).
Masticatory and facial expression muscles derive from the mesodermal core that extends into the first and second branchial (or pharyngeal) arches, respectively (11) . These arches also contain SHF cardiac progenitors (12) . Cells with divergent cardiac and skeletal muscle fates in this cardiopharyngeal mesoderm are similarly labeled by genetic tracing (13) . Furthermore, retrospective clonal analysis in the mouse embryo has shown that masticatory muscles of the head and right ventricular myocardium originate from common progenitor cells, whereas facial expression muscles share a common clonal origin with the arterial pole of the heart, such that myocardium at the base of the pulmonary trunk or the aorta is clonally related to left or right facial expression muscles, respectively (14) . Cardiopharyngeal mesoderm cells that give rise to both cardiac and skeletal muscle derivatives are already present in urochordates, such as the ascidian Ciona intestinalis, where the equivalent of an SHF can be distinguished (15) . A number of genes, including homologs of vertebrate Islet1 and Tbx1, are expressed in ascidian cardiopharyngeal mesoderm and form a gene regulatory network that governs both heart and pharyngeal muscle formation (16, 17) .
Muscles of the neck play an essential role in coordination of movement between the head and trunk. In this transition zone, muscles of both branchial and somitic origin are found. Myoblasts in the more caudal branchial arches (3rd, 4th, and 6th) are thought to give rise to neck muscles such as the cucullaris muscle,
Significance
Head muscles, derived from the first and second pharyngeal arches, share common progenitors with myocardial cells of the heart. This is in contrast to somite-derived skeletal muscles of the trunk and limbs. Neck muscles, located in the transition zone between head and trunk, have both a somitic and nonsomitic origin. We now demonstrate a clonal relationship between nonsomitic neck muscles and myocardial cells located in the atria, inflow and outflow regions of the heart. This is distinct from that of the two head muscle lineages. Formation of these neck muscles, like those in the head, depends on a gene regulatory network shared with myocardial progenitors. We thus identify a third clonal group within cardiopharyngeal mesoderm, with implications for human malformations.
or its mammalian derivatives the trapezius and sternocleidomastoidius, which, in keeping with a branchial origin, are innervated by a cranial nerve (18) . Recent analysis of gene expression and genetic tracing supports this view. The cucullaris muscle in birds and turtles derives from cells in adjacent lateral mesoderm that do not express Pax3 but express Tbx1 (19) . Despite evolutionary changes in cranial somites, this is also the case for the progenitors of the trapezius and sternocleidomastoid muscles in the mouse (19) , where progenitors were also shown to have expressed Islet1. Furthermore the trapezius muscle is missing in Tbx1 mutants (10, 19) , consistent with an origin in cranial mesoderm rather than somites, in the mouse embryo.
Here we address the question of a link between nonsomitederived neck muscles and the myocardium. Using genetic tracing in WT and Tbx1 mutant embryos and retrospective clonal analysis, we characterize such muscles and show that neck muscle progenitor cells share a common clonal origin with the venous pole of the heart. Our results identify a third common skeletal and cardiac progenitor population in cardiopharyngeal mesoderm, and we discuss the importance of this tissue in the evolution of the vertebrate heart and head/neck and the implications for human pathology.
Results
Regulatory Gene Expression. We first verified regulatory gene expression in the progenitors of neck muscles, by using specific Cre drivers with a conditional Rosa26R-nlacZ reporter. Pax3 is expressed in myogenic progenitor cells in all somites (1) , and as expected, many neck muscles were labeled when the Rosa26 R-nlacZ/+ reporter line was crossed with a Pax3
Cre/+ line ( Fig. 1 A and B) , indicating that they originate from somites. However, the trapezius and sternocleidomastoid muscles are negative with only residual labeling, which is due to connective tissue, as previously reported (19) . With the Mesp1
Cre/+ line, which is activated in cardiac progenitors in the primitive streak (20) , the heart and some neck muscles, including the trapezius and sternocleidomastoid muscles, are labeled ( Fig. 1 C and D) . The Mef2c (myocyte enhancer factor 2c) enhancer is activated in the anterior SHF (21) , and when Mef2c-Cre transgenic mice are crossed with the Rosa26 R-nlacZ/+ reporter line, labeling is seen in head muscles, notably those derived from the first branchial arch (14) , as well as in myocardium of the pulmonary trunk, aorta, and right ventricle. The trapezius and sternocleidomastoid muscles are also labeled using this Cre line, as shown for the trapezius muscles on whole-mount X-gal-stained embryos at embryonic day (E)14.5 and E12.5 ( Fig. 1 E and F) . At E10.5 ( Fig. 1G) , labeling can be observed in the posterior pharyngeal region, where trapezius progenitors are potentially present. In keeping with this, these cells also express MyoD, indicating commitment to the skeletal muscle lineage (1) (Fig. 1H) . These results show that progenitors of nonsomitic neck muscles express common markers with, and originate in close proximity to, cardiac progenitors.
No Clonal Relation with Head or Somite-Derived Muscles. To investigate a potential clonal relationship between these neck muscles, muscles derived from the first and second branchial arches, and somite-derived muscles of the neck and body, we performed a retrospective clonal analysis. This approach (Fig. S1A ) depends on a rare intragenic recombination event in an nlaacZ sequence that converts it to a functional nlacZ reporter (22) . In this case the nlaacZ sequence is targeted to an allele of the α-cardiac actin (α c -actin) gene (23) , so that after recombination β-galactosidase (β-gal) positive cells will be generated in the myocardium and in developing skeletal muscles where the gene is expressed. Statistical analysis on the collection of embryos determines whether the frequency of labeling corresponds to one or more recombination events (Fig. S1B ). In the case of the former, β-gal positive cells are clonally related and derive from a common progenitor.
In a collection of 2,018 embryos with the α c -actin nlaacZ allele, at E14.5, we found 30 embryos (1.5%) with labeling in the neck, limited to the trapezius and/or sternocleidomastoid muscles ( Fig.  2A ). These muscles (Fig. 2B ), referred to as the trapezius group, are often labeled together, and statistical analysis of the frequency of this labeling shows that they are a clonal unit (Table  S1 ). When these embryos were sectioned, we observed that laryngeal muscles are also β-gal positive, suggesting a lineage relationship between these muscle groups ( Fig. 3 B-E). These muscles are not labeled in Rosa26 R-nlacZ/+ ;Pax 3
Cre/+ embryos ( Fig. 3A) , in keeping with a nonsomitic origin (11) . No clonal relationship was observed between the trapezius group of muscles and masticatory, or facial expression, head muscles ( Fig. 2A and Table 1 ), derived from the first and second branchial arches, respectively (14) . Somitic neck muscles, marked by genetic tracing with Pax3
Cre , but not by the Mef2c-AHF-Cre transgene, and muscles in the trunk or limbs also showed no clonality with the trapezius group ( Fig. 2A and Table 1 ). This was also the case for the tongue muscle, which is clonally related to somite-derived neck muscles. The nonclonal nature of the labeling observed in these muscles is also indicated by random left/right distribution compared with labeling in the trapezius group ( Fig. 2A) . We therefore conclude that the trapezius and sternocleidomastoid muscles derive from common progenitors that are distinct from those that give rise to first and second arch-derived head muscles, as well as to somite-derived muscles, and thus constitute an independent muscle lineage.
Clonal Relation with Myocardium. The Mef2c-AHF-Cre genetic tracing of the trapezius group suggests a potential common origin with a subset of heart progenitors. These are different from the common cardiac and skeletal myogenic progenitor cells giving rise to head muscles that, as we show, are clonally distinct from neck muscles. Six of 30 embryos (20%) with labeling in the trapezius and/or sternocleidomastoid muscles also showed Cre/+ ; Rosa26 R-nlacZ/+ (Mesp1-Cre;Rosa26R) embryo, stained with X-gal and eosin. The level of the sections is indicated at the bottom right. Arrowheads indicate muscles that are positive for β-gal, including the trapezius (a-trap and s-trap) and sternocleidomastoid (sterno) muscles (outlined with a discontinuous line). (E-G) Whole-mount X-gal staining of Mef2c-AHF-enhancer-Cre; R26R embryos at E14.5 (E), E12.5 (F), and E10.5 (G), showing β-gal positive cells (arrowheads) in the first branchial arch-derived head muscles (1stBA), acromio-trapezius (a-trap), and spino-trapezius (s-trap) muscles (E, F), or their progenitors (trap prog) (G) and in the heart. (H) Whole-mount in situ hybridization with a MyoD riboprobe on an E10.5 embryo.
labeling in the arterial pole of the heart, specifically in pulmonary trunk myocardial cells. Unexpectedly, labeling was also observed in myocardial cells at the venous pole of the heart in 16 of 30 embryos (53.3%), 5 of which also had β-gal positive cells at the arterial pole ( Fig. 2A) . Venous pole labeling was seen in myocardial cells of the atria and in the superior caval vein (or vena cava) and pulmonary veins, which in the mouse have a myocardial sleeve labeled by cardiac actin (24, 25) . Statistical analysis shows that this colabeling is very unlikely to be due to independent recombination events (example for the left atrium, P = 6 × 10 −7 ) ( Table 1 ). We thus conclude that the trapezius group of muscles is clonally related to the myocardium of both the arterial pole, and of the atria and veins at the venous pole of the heart. In addition, we found a left/right regionalization, such that labeling in the trapezius muscle group on the left side of the neck correlates with labeling in the left side of the heart (pulmonary trunk, left atrium, left superior caval vein, and pulmonary vein) (Fig. 2 C, D , D′, and D″), and labeling in the trapezius group on the right side correlates with labeling in the right venous pole (right atrium and right superior caval vein) (Fig. 2 C, E, and E″). This regionalization is statistically significant (Fig. 2C and Table 1 ). This is in keeping with our previous results showing clonal relationships with venous pole myocardium of the right atrium and right superior caval vein or of the left atrium, left superior caval vein, and pulmonary vein and of the pulmonary trunk at the arterial pole of the heart (25).
Tbx1 Dependence. In addition to genetic labeling with the Mef2c-AHF-Cre (Fig. 1 C-G) , the trapezius and sternocleidomastoid muscles are also genetically labeled using a Tbx1-Cre allele (26).
Furthermore, these muscles are absent in Tbx1 null embryos at fetal stages (10, 19) . We confirm this result at E14.5 in a cross with the Mlc3f-nlacZ-2E transgene, expressed in differentiated skeletal muscle cells, (Fig. 4 A and B) , showing the loss of the trapezius muscles as well as first and second arch-derived head muscles, also marked by Mef2c-AHF-Cre genetic tracing (Fig. 4 E  and F) . In addition, we observe that other neck muscles such as those of the larynx (Fig. 4 C and D) , that are clonally related to the trapezius group, are also absent in Tbx1 −/− embryos. We further show, using Mef2c-AHF-Cre genetic tracing and expression of the myogenic determination gene, MyoD, that trapezius muscle progenitor cells fail to emerge from the posterior pharyngeal region from E10.5, in the absence of Tbx1 (Fig. 4 G-R) .
The Splenius Muscle, of Somitic and Nonsomitic Origin. The splenius muscle, lying in an epaxial location caudal to the ear, provides an example of a muscle of mixed somitic and nonsomitic origin. Of the 22 embryos in the E14.5 collection that had labeling in this muscle, 9 also had labeling in somitic neck muscles (40.9%), and 5 showed labeling in the trapezius muscle group (22.7%) (Fig. 5 A-E). In both cases this is statistically significant, indicating clonality (Table 1 and Table S1 ). Genetic tracing with a Pax3
Cre allele (Fig. 5F ) confirms that some progenitor cells for this muscle had expressed Pax3 and are therefore somite-derived. We conclude that this muscle, which is located in a transition zone, is of mixed origin, formed by progenitors derived from the somites that are clonally related to other neck muscles and also by cardiopharyngeal progenitor cells that contribute to the trapezius group of skeletal muscles and to myocardium.
Discussion
In Fig. 6 , we integrate our results on the trapezius group of nonsomitic neck muscles with a lineage tree for the second myocardial lineage contribution to the heart (27) . We identify three distinct sublineages that contribute to first or second branchial arch-derived head muscles or to neck muscles that derive from the caudal branchial arches. These sublineages also contribute to myocardium on the anterior/posterior axis, with right ventricular, arterial pole, and venous pole contributions that follow the progressive posterior positioning of the heart in the pharyngeal region as the branchial arches form. Common progenitors for both myocardial cells and skeletal muscles are probably a small proportion of the overall cardiac progenitor population marked by Mesp1 expression because they represent only 10% (out of 161 embryos studied) of the clones in Mesp1-inducible clonal analysis (28) and were not reported in the 38 embryos studied by clonal analysis using the MADM system driven by Mesp1-Cre (29). The common progenitors that contribute to each of these three groups of skeletal and cardiac muscle derivatives probably segregate early. Inducible genetic tracing with clonal resolution of the kind performed to determine the timing of first and second myocardial lineage segregation (28) will be required to investigate when these sublineages arise. It is striking that neural crest cells that migrate through the pharyngeal region also do so in three distinct evolutionarily conserved streams, through the first, the second, and the more caudal arches (30) , thus paralleling the patterning of cardiopharyngeal mesoderm revealed by our clonal analysis. The development of cranial neural crest and mesoderm are closely connected, crest being We have used the nonparametric Fisher's exact test to assess whether double labeling results from two independent events in the 30 α c -actin nlaacZ/+ embryos with labeling in the trapezius group of muscles at E14.5. Each category of neck muscles was tested for independence with other skeletal muscles or myocardium. *P < 5 × 10 
Mlc3f-2E
A B E14.5 E14.5 required for patterning of branchiomeric muscles as well as for second heart field progenitor cell addition to the arterial pole of the heart (30-32). We had previously analyzed clonal relationships between myocardium at the venous pole of the heart, which derives from the posterior SHF (33) , and were surprised to find clonality between the left venous pole and pulmonary trunk myocardium at the arterial pole (25) . This sublineage is distinct from the sublineage that contributes to pulmonary trunk myocardium and to left head muscles derived from the second branchial arch, and, as we show here, also gives rise to left nonsomitic neck muscles. Pulmonary trunk myocardium thus has two different origins. Dye labeling of cells in different regions of the SHF, followed by mouse embryo culture, showed that some cardiac progenitor cells move from a caudal to a more rostral location to contribute to outflow tract myocardium (34) . We therefore propose that some of the progenitors that are clonally related to neck muscles move rostrally before they enter the arterial pole of the heart.
Tbx1 is required to regulate proliferation and delay differentiation in the SHF and is essential for outflow tract development (9) . However, Tbx1
−/− embryos have recently been shown to have inflow as well as outflow tract defects, with abnormal development of the dorsal mesenchymal protrusion and impaired addition of cells to the venous pole of the heart, resulting in atrioventricular septal defects (35) . Tbx1 thus regulates the behavior of cardiac progenitors that contribute to both poles of the heart tube as well as being required for the development of nonsomitic neck muscles, regulating all of the myogenic derivatives of the common lineage defined here.
The role of Tbx1 in the deployment of cardiopharyngeal mesoderm is already presaged by its expression in ascidians (16) . The sublineage that we characterize here probably originated later during radiation of the vertebrates, because the cucullaris muscle first evolved in gnathostomes (bony fish) (36) . The presence of common lineages giving rise to specific compartments of the heart and specific head and neck muscle groups suggests that modulation of the developmental potential of cardiopharyngeal mesoderm has played an important role in the coevolution of the neck and heart during vertebrate evolution. Indeed, the existence of multiple common myogenic progenitor cell populations in the mammalian pharyngeal region may reflect reiteration of a developmental motif regulating the segregation of skeletal and cardiac myogenic fate from common progenitor cells in cardiopharyngeal mesoderm. The transition zone, constituted by the neck, between head and trunk, shows no clear boundary between somitic and craniopharyngeal muscle derivatives; and indeed our analysis of the splenius muscle, which is located relatively anteriorly, shows that there is also no obligatory segregation between muscles, so that a muscle like the splenius, with cervical innervation, can be of mixed origin. In the future it will be important to define when the three sublineages that we describe segregate and how the appearance of different muscle and cardiac derivatives is regulated by cardiopharyngeal patterning in the mouse. Our findings also have relevance for human pathology. TBX1 is the major gene involved in del22q11.2 or DiGeorge syndrome, characterized by a range of cardiovascular and craniofacial anomalies. Understanding of the etiology of these defects will depend on identifying the mechanisms by which Tbx1 regulates cardiac and skeletal myogenic fates within the three clonally related populations of common cardiac and skeletal muscle progenitor cells in cardiopharyngeal mesoderm. 6 . Schema showing the lineage relationship between nonsomitic neck muscles of the trapezius group and myocardium. The first two lineages (in blue) contribute to the nonsomitic head muscles, derived from the first (1st) and second (2nd) branchial arches (BA), and to arterial pole myocardium (14) . A third lineage (in mauve) contributes to the trapezius muscle group as well as to venous pole myocardium, with an additional contribution to the pulmonary trunk, and a contribution to the splenius muscle (orange). An independent lineage (green) contributes to the somite-derived neck muscles, including part of the splenius muscle.
